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ABSTRACT 

The design, construction, calibration, and field application of a 
simple resistance-type tide gauge are presented. The gauge measures 
coastal water level in relation to an elevation reference. A summary 
of previously available tide gauges is made with advantages and dis- 
advantages noted, 

| The gauge sensor consists of a high resistance wire within a 

mercury-filled capillary. The mercury level in the capillary is pressure- 
linked to the sea water column and responds to changes of water level over 
a wide period range. The mercury column height changes the current- 
peeduce ina length of the resistance wire in the capillary. The change in 
resistance is, therefore, linear with column height. The resistance ele- 
ment forms one arm of a Wheatstone bridge. 

Laboratory evaluation and : oration are described. Recorded field 
observations of the resistance gauge are compared to the record of a 


"standard" tide gauge at the same location. 
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Le Ineroducrren. 

The tide measuring devices currently used to record coastal sea 
level fall into two categories: those which are self-registering and 
those which require observer presence to record tide data. 

In the first category, there are three tide gauges presently in 
use. The ''standard'' tide gauge, or self-registering marigraph, is most 
commonly used at "primary'' tide stations. It operates unattended, but 
in practice it must be serviced each day to insure proper operation. 

The "standard" gauge basically consists of a tide well, a system of wire 
and pulleys, and a recorder. The vertical motion of the float within 
the well is transmitted by the wire system to a stylus that inscribes 
the record on a rotating drum of paper. The wire and pulley system also 
supplies the power to rotate the recorder drum while a spring-driven 
clock records time. The size and mechanical complexity of the system 
requires the gauge to be permanently installed. Generally, the gauge 

is mounted on an existing structure such as the piling of a pier where 
the wire and pulley system can be attached to rigid members. Many diffi- 
culties.may arise during operation including: broken or tangled wire, 
clock failure, torn paper, failure to trace, and hour-mark failure. 

The accuracy of the "standard" gauge is a function of the tide well, 
its float, and the counterpoise of the systems The gauge error is de- 
termined by the equation: 

e = 2,15 w/a? (inches), 
where W is the weight in ounces required to actuate the mechanism, and d 
is the diameter of the float in inches. Therefore, the larger the float 
diameter, the greater the accuracy. Common float diameters are on the 


order of 8 to 12 inches. 


Response of the "standard" gauge is dependent on the ratio of the 
cross-sectional areas of the water inlet to the well, or orifice, and 
the tide well. If ane orifice area is denoted by a and the tide well 
area by A, by applying Toricelli's theorem! an equation for the rate of 
rise of water in a well in response to a change in sea level outside 
the well is: 


dh _ 0,6a 


where g is the gravitational acceleration, and h is the water level 
difference, Using this relationship, the a and A can be adjusted to 
yield the desired response, keeping in mind the dependency of the gauge 
accuracy on the well diameter, 

The overall accuracy of this type tide gauge is + 0.1 foot. The © 
cost of the equipment is approximately $1500, excluding site prepara- 
tion. For long period accurate recording of sea level, the "standard" 
tide gauge remains the most popular instrument. However it suffers from 
many limitations, one of the most important is the lack of portability. 

The "portable" tide gauge is essentially of the same design as the 
"standard" but has the recording mechanism located within the tide well. 
The recording arrangement is spring-driven, operating for a period of 
eight days. The accuracy of this gauge is about + 0.1 foot and the 
price is approximately $660.7 Installation requires mounting of the tide 
well to a fixed member such as a piling. The "portable" is in general 
use, primarily employed at remote stations for short time periods. 

. The Canadian designed "Ottboro'" tide gauge is portable and is also 
used in areas where the erection of a "standard" gauge is financially or 
physically impracticable, This gauge responds to a pressure differential 
created when the sea water column changes, exerting a pressure change 


upon a diaphragm that in turn transmits the change pneumatically to a 
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shore recorder. «x recorder and clock are spring-driven. The stylus 

is driven by the air pressure via mechanical linkage. The sensor assembly 
may be mounted on a permanent structure or anchored on or near the bottom. 
Due to the fact that the pressure change is transmitted via a capillary 
tube to the recorder, the distance between the sensor and the recorder 

is limited generally to 400 | ie The accuracy of this gauge is about 

+ 0.25 foot and the cost approximately $200.> The primary difficulty 
encountered in the operation of the "'Ottboro' is the malfunction of the 
pneumatic link, Air leakage and/or water intrusion may oceur about fit- 
tings or at points in the submerged tube. 

The U. S. Naval Hydrographic Office concluded "the portable tide 
gauges currently in use by this office are satis raceeme and fulfill most 
of the present ee ae However, the following recommendation was made: 
the possibility of transmitting measurements from one or more tide gauges 
to a central collection point several miles away should be invemedeated:- 

A common tidal problem exemplifies the need for a remote sensing, 
high resolution tide gauge, as well as displaying the limitations of 
present equipment. Consider an irregular basin of constant depth open 
to the ocean as depicted in Figure 1, The water level will oscillate 
in a variety of modes in response to the various forcing functions. 

These modes will depend on the driving forces and the size and shape o! 
the basin, The problem is to describe these modes over the basin, Water 
level recordings at several points in the basin are required to treat 
this problem, The size and remote location, if applicable, of this hypo- 
thetical basin precludes monitoring of the various records by a single 
trained observer. However, by transmitting recorded data to a central 


point, the gauge records can be simultaneously compared for malfunction, 
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of the installation of exiting gauges, and in par- 


ticular the "standard" gauge, is the susceptibility of the gauges to 


abnormal land and water motion in seismically active areas. For example, 


"the combination of violent earthquake shaking, and battering by earth- 


quake-generated waves of one form or another, left south-central Alaska 


without a single operative recording tide gauge," during the earthquake 


5 


of March 27, 1964. This exemplifies the requirement for a gauge that 


will withstand the seismic effects. Gauge damage occurs either by the 


translational component of the generated waves, in which case the gauge 


or its mounting is destroyed or damaged, or by the rapid and extreme 


vertical movement of the water level. Therefore, a gauge that is located 


on the bottom has an excellent opportunity to continue to operate and to 


record the environmental changes. 


Therefore in summary, the following conclusions are formed: 


1. 


>, 


The "standard" tide gauge is used at "primary" stations 
only. 


The portable tide gauges presently in service are 
satisfactory but require permanent or semi-permanent 
mounting. 


The employment of mechanical systems of the "standard" 
and portable gauges limits sensor response, 


There is a requirement that future tide gauge design 
and development must include the consideration of the 
extraordinary forces encountered in seismically-active 
areas. 


There is an acute need for multi-sensor networks which 
cannot be met with existing tide gauges. 


Remote recording tide gauges present several design problems but 


must satisfy the following criteria: be highly mobile, as accurate, and 


as reliable as present gauges; be inexpensive, electrically operated, and 


have the ability to transmit and relay data. 


lbs) 


2. Design and Construction 

DESIGN. A resistance gauge, directly measuring a liquid level, sat- 
isfies the criteria of low cost, simplicity, electronic compatibility, 
and response. The simplest gauge would consist of a resistance sensor 
where output would be proportional to the water level. A fixed staff 
with two uniformly spaced bare wires, vertically oriented and connected 
to a power supply and indicator, could be used. The sea water level 
completes the circuit, and the length of unwetted wire determines the 
resistance of the circuit. This simple resistance gauge allows the 
elimination of mechanical drives and linkages. It is simple, inexpensive, 
and compact. However, environmental effects such as wave force, fouling, 
and corrosion reduce the usefulness of this simple design. 

Many difficulties must be overcome in the design of a resistance 
ilcmctncs for use in sea level measurement, The most common problem 
is the environmental effect on the sensor, Corrosion occurs particus 
larly in the area of stress. In addition, satisfactory high resistance 
wire has a low tensile strength and must be protected from dynamic water 
forces. Fouling can always be expected on surfaces exposed to sea water. 
These difficulties can be reduced by removing the wire from contact with 
the ‘sea. 

Removal of the conducting wire can be accomplished by enclosing the 
wire in a mercury-filled tube, using the theory of manometry as shown 


in Figure 2. 
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In order to completely isolate the wire from sea water contact, a mem-~ 
brane must be placed between the two fluids. Since the density con- 
trast between the mercury and water is large, the tube length can be 
reduced by the ratio of their densities. Mercury has a density or 
weight ratio of 13,.236:1 to sea water of density 1.027 grams per cubic 
centimeters (sea water of salinity of 36 parts per thousand and tem- 
perature of 14 degrees Centigrade). For example, a 12 inch mercury 
column change is equivalent to a 13.24 foot sea level fluctuation, 
Therefore, in addition to removing the wire from the sea water, the 
use of a mercury column allows compaction of design, Furthermore, the 
_vapor pressure is low and can be neglected as can the wetting of the 
wire for certain wires such as platinum, 

Although tides are primarily a function of the gravitational at- 
traction of celestial bodies, water level oscillations due to other 


forces are also measured. Among these forces atmospheric pressure and 
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surface waves cause large tidal anomalies. However, changes in atmos- 
pheric pressure can be neglected if the mercury column is maintained at 
atmospheric pressure. 

Wind-generated gravity waves cause water level changes over the 
gauge, both by the undulance of the surface and by the piling of water 
at the coast-line, The water level record will depict both of these 
phenomena. At a typical recording speed (1 inch/hour), the wind waves 
and swell will appear as a broad noiseband around the mean water level. 
On the other hand, water pile-up associated with waves appears on the 
record as a deviation from the predicted tide. When the water:level 
change due to tidal phe nore is of primary interest, the surface wave 
action must be dampened or filtered from the record, This may be 
achieved mechanically by enclosing the mercury reservoir in a highly 
viscous fluid such as silicone oil, or by constructing an electronic 
filter. 

The salinity and temperature can influence the output of the 
resistance gauge by changing the density of the column. These effects 
must be investigated. Increasing the salinity of the sea water, the 
mercury/sea water density ratio decreases and the mercury column will 
be displaced an increment higher. But, since a salinity change of l 
part per thousant (ppt) is approximately equivalent to a density incre- 
ment of about .008 grams per cubic een imecene., a change of 5 ppt will 
produce only about 0.06 foot change in measured tide level. Therefore, 
unless the instrument is situated in a region of extreme ranges of 
salinity, the effect of this parameter may be neglected. 

Since the instrument will be fully immersed during operation, it 
is subjected to the fluctuating "in situ’ water temperature. Temperature 


can affect the gauge in two ways. First, the resistivity of the wire is 
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a linear function of the temperature. The temperature coefficient of 
resistance of a platinum wire is on the order of 2.5 x mace Since 
high resistance wire is used in this gauge, the relative resistance 
change for even a 10 degree Centigrade change can be neglected. 

The second effect of temperature is that of the thermal expansion 
of the gauge components. The complexity of the gauge prohibits an 
explicit mathematical solution for the temperature response, and efforts 
to evaluate this in the laboratory have been unsuccessful. A qualita- 
tive investigation results in the following analysis. 

The coefficient of thermal expansion of acrylic plastic is about 
9x 107? /°c and that of platinum wire about 8 x 107/°c. Such small 
values can only have second order consequences. The two components of 
significance are the mercury and the fluid surrounding the mercury 
reservoir, if the latter is used. The expansion of these components 
can be critical as mercury has a thermal coefficient of expansion of 
about 18 x ion). and distilled water a coefficient of about 36 x 
tae /°C. If a volume of 50 cubic centimeters of mercury and a volume 
of 200 cubic centimeters of distilled water are used, a Ie change will 
produce a 0.25 centimeter height change in a .625 centimeter diameter 
mercury capillary. This is approximately equal to a water level change 
of 0.1 foot, Therefore, temperature control is critical as has been 
noted previously by Sauls.” 

MATERIAL. Most of the gauge components were constructed of acrylic 
plastic for the following reasons: Acrylic is easily machined, readily 
joined, and has a good strength-weight ratio. Furthermore, this plastic 
is inexpensive and is resistant to sea water corrosion and fouling. The 


transparency of acrylic allows observation of the internal functioning 


of the instrument. However, most important, acrylic is not wetted by 


mercury as any loss of mercury by wetting the sensor tube will cause 


an error in the reading. 
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The sensor wire must be chemically inert to mercury and must have 
a sufficient resistivity to allow a resistance change equivalent to 0.1 
inch of wire length to be resolved, In the prototype, a pure platinum 
wire of .003 inch diameter allowed this resolution, The resistivity of 
this wire is 6.67 ohms per foot, Platinum wire of up to 2500 ohms/foot 
is commercially available, but this extreme resistance was sacrificed 
for tensile strength, 

A double loop of 6.67 ohms/foot wire is used in the capillary pro- 
viding a resistance range of 0 to 20 ohms over the column length, The 
wire forms one arm of a Wheatstone bridge, supplied by a 1.5 volt dry 
cell battery. Only 2 to 3 milliamperes are required for the operation 
of the bridge providing an excess of 30 days of operation for a single 
dry cell, 

A vinyl reservoir is used to hold the excess mercury not contained 
in the sensor column, Natural rubber, initially tested in the prototype, 
proved unsatisfactory because of its chemical reaction to the mercury. 
Damage to the reservoir is avoided by enclosing it in a fluid-filled 
bellows that also can be used to dampen surface high frequency oscilla- 
tions. For the prototype, this system consists of a neophrene bellows 
containing distilled water, 

CONSTRUCTION. Construction of the prototype was made within the 
design criteria, The constructed prototype is shown in Figure 3 through 
7. Details of construction are depicted in Appendix I. The prototype 
(Figure 3) consists of four basic sections; housing, water chamber, 
sensor, and snorkel, The housing, (Figures 3 and 4), is an airtight 
cylinder that houses the sensor and electrical connections, abcdvelauel 


the sensor from the sea, The water compartment is open to the sea water 
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via the orifice, (not shown). The snorkel wmnaintains the venting of the 
mercury column to the atmosphere and contains the electrical connection 
between the surface recorder and the submerged gauge. These three 
sections are flanged and mated with #316 stainless steel hardware. Neo- 
phrene gasketing material is used at the flanges, eliminating leaks. 

The sensor is more complex in construction. Initially, a single 
wire with terminals at each end was placed within the acrylic tube, but 
the precision craftmanehi pietemeeed and the difficulty of repair and/or 
replacement of the sensor made this design untenable. Therefore, a 
single wire, doubled by looping about a spacer at the bottom of the tube, 
was utilized. This was accomplished by the introduction of a Number 6-32 
screw as shown in Figure 5. The wire is then separated by the diameter 
of the screw at the bottom and by a threaded Number 6-32 nylon key at 
the top. The nylon key, shown in Figure 6, in addition to separating 
the wire, is used to tension the wire. This arrangement not only sim- 
plifies the design but also doubles the resistance change per mercury 
level increment. | 

The neophrene bellows used in the gauge, shown in Figure 7, is 
manufactured for use in the Snodgrass Mark IX Wave Reconder.” The 
bellows and contained fluid protect the reservoir and can dampen high 
frequency oscillations of water level. Silicone fluid was initially 
selected as the internal fluid because of its high viscosity. The sub- 
stitution of distilled water was made due to interaction of the silicone 
and mercury through the molecular lattice of the vinyl reservoir. The 
substitution did mean an expected loss of dampening. 

The Wheatstone bridge is constructed with two temperature stable 
resistors (25 ohms) and a 25 ohm potentiometer. This potentiometer is 


used to balance the bridge at the midpoint of the range. Also 
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incorporated into the circuitry of the bridge and power supply is a 5000 
ohm potentiometer which enables the current to the recorder to be varied. 
Therefore, full scale deflection of the recorder can be used for any 
selected tide range. 

The reservoir is filled with a known amount of mercury through the 
sensor tube, Extreme care must be exercised so that large globules of 
mercury do not directly impinge on the wire. Wire damage during eileen 
can be reduced by straining the mercury through cheesecloth and placing 
the sensor about 15 degrees from the vertical. After filling, the reser- 
voir is manually agitated to purge all air from the reservoir and column, 

The bellows is placed in position, and then the sensor is inserted 
into the housing and secured into the base. Teflon pipe tape is used to 
prevent leaks via the machined threads of this junction. 

The bellows cavity is filled through one of the two threaded holes 
in the base, shown in Figure 7, while the other remains open for bleeding. 
The drain plugs are inserted:and the water chamber attached. Insuring 
that the lead-in cable is properly connected to the terminals on the 
sensor, it is strung through the snorkel, and the snorkel is attached 
to the housing. The surface end of the cable is connected to the bridge 
as arethe power supply and the recorder, | 
Su Operation 

The instrument functions in the following manner (See Figure 8): 
Movement of the water level generates a pressure change at the orifice, 
expanding or contracting the bellows, depending on the direction of the 
motion. The reservoir must also adjust to the new level, and therefore, 


the mercury column falls or rises linearily with the change. 
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The movement of the mercury..column level changes the resistance 
in the sensor arm of the bridge. Increase in the mercury column height 
results in a decrease in the length of conducting wire and therefore 
a decrease in resistance. An accuracy equivalent to that of the "stand- 
ard'' gauge can be achieved if the mercury column can be measured to 
+ 0.1 inch. If the bridge is initially nulled, then a change in the 
mercury level unbalances the bridge, and a current proportional to the 
resistance change can be transmitted to a recorder, The gauge can employ 
any type of recording system although for this study a Model G 11 Varian 
strip chart recorder was used. The width of the recorder pen trace and 
the scale enables an observational accuracy of + .01 foot of tide change. 
7 Calibration 

The prototype gauge was submitted to controlled testing and cali- 
bration. During laboratory testing gas pressure from a nitrogen cylinder 
was used in place of water pressure to actuate the sensor, For this 
reason, the orifice was tapped to accept a standard % inch pipe thread, 
and the water compartment was sealed with gasketing. The test configu- 
ration is shown in Figure 9, 

A five foot mercury manometer provided the standard for the cali- 
bration tests. The gauge and manometer were connected in parallel so 
that the pressure introduced to the gauge was equal that applied to the 
manometer. Output from the gauge was measured by a precision Wheatstone 
bridge. The calibration was conducted over the entire range of pressure 
to be encountered in the field. Variation of the gas pressure is anal- 
agous to a changing water column height. The nitrogen pressure was 


stabilized at random pressure values within the test range, and the 


manometer and the bridge values recorded. Accuracies of these measure- 


ments are + .005 ohms for the bridge and + .02 inches of mercury for the 


manometer, 
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FIGURE 9 LABORATORY TEST CONFIGURATION 
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Two calibratiou. runs were made, one before and one after the gauge 
was placed in the Monterey Bay for “in situ'' testing. The data from Run 
#1, conducted prior to "in situ" testing, was evaluated using the least- 


: g : 
mean squares line method. The resulting equation was: 


n = 24 Y = <Q) 9625 245/732 


I} 


S = +t 1,091 inches of sea water 

where X is the pressure in inches of mercury, Y, the resistance in ohms, 
n, the number of calibration points, and S is the standard deviation. 
The values of sea water height are based on the assumption that the 
density ratio of mercury to sea water is 13.236:1. 


After "in situ" testing, Run #2 was conducted and evaluated under 


the identical method as Run #1, producing the results: 


Le 10 v -1,0519 X 3 Po 56 


+ 0.555 inch of sea water. 


5 
Calibration data and evaluated least-mean squares lines are shown in 
Figure #70, 

Individually, the calibration runs produced a standard deviation of 
less than + 0.1 foot of sea water, Inspection of the two runs shows 
that the slopes of the lines are nearly equal but that the lines are ° 
displaced by an average value of about 1.66 ohms. Since the difference 
is explainable, below, the data can be combined to determine the best 


"in, Situ “Eest. 


curve to use for the 
A third least-mean squares line was determined, utilizing data from 

both runs to find this best curve relating a resistance change to a water 

level change. In order to fit a single line to both sets of data, 1.66 


ohms was subtracted from each resistance value of calibration Run #2, 


The combined data evaluation resulted in the equation: 
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Ono oO exe 24.90 
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n = 34 ¥ 


+1.494 inches of sea water. 


S 

The difference between the calibrations, Run #1 and Run #2, of 
-1.66 ohms can be attributed ‘ two factors: the change in the resistance 
of the lead-in cable, and bag expansion. The sensor resistance, in- 
cluding the lead-in cable measured after "in situ" testing, was 0.50 
ohms higher than during Run #1. This is attributed to the soldered 
connections made during field installation. 

The remaining 1.16 ohms are attributed to the stretching of the 
vinyl mercury reservoir. This is the total change over the period be- 
tween laboratory calibrations. The way in which this expansion occurred 
over this period is not known. Only a first order approximation of the 
expansion prior to and during "in situ" testing can be made. The ex- 
pansion is assumed to be linear function of the applied pressure. The 
weight of the mercury in the reservoir is equivalent to a water column 
of 2.3 feet of eee water. Expansion is determined by assuming the 
reservoir has a cylindrical shape and the weight of the mercury is con- 
centrated on the base. Since prior to "in situ" testing the instrument 
was under several pressure states, the approximation must be made by 
weighting these pressures over the time in which they were applied. : 

The following is a history of the gauge and was used as input data: 


Gauge under pressure of: 


Calibration Run #1 081200L April > 5.0 feet of sea water 
081200L - 081800L 0.0 feet of sea water 

mo imesittu. Preparation 081800L - 091200L 1.0 feet of sea water 
091200L =- 091600L 0.0 feet of sea water 

"In Situ" Testing O91600L - 201300L > 6.5 feet of sea water 
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Gauge under pressure of: 


Removal 201300L - 201500L 0.0 feet of sea water 
201500L - 201700L 0.8 feet of sea water 
Calibration Run #2 201700L «April > 8.9 feet of sea water 


Expansion was neglected during the "in situ'’ testing and during 
time intervals when applied pressures were greater than the equilibrium 
pressure, i.e., 2.3 feet of sea water. The resulting average ieee 
expansion of the reservoir was about 0.045 inch of mercury/hour. Con- 
sequentially, a first order approximation for correcting the reservoir 
expansion is the application of -1.12 feet of sea water to the "in situ" 
observations. 

Ds "In Situ" Testing. 

The calibrated instrument was placed in the Monterey Bay during the 
period 8 to 20 April 1967. The purpose of the "in situ" test was to com- 
pare the outputs of the "standard" and resistance tide gauges. 

The resistance tide gauge was mounted onthe structure of Muni- 
cipal Wharf #2, Monterey, California, at a depth of about 5 feet below 
MLLW. The gauge was located within ten feet of the "standard" tide gauge 
which is maintained by the Naval Postgraduate School. The proximity of 
these two gauges eliminates record dependence on location differences, 
The reference level of the resistance gauge was the loner plane of the 
orifice, which was 6.54 feet below Coast and Geodetic Survey (C&GS) MLLW © 
datum. 

The instrument was mounted and connected to the bridge and recorded 
as shown in Figures 11 and 12, Substituting two known resistances for 
the sensor, the recorder was setup to produce a 5 inch full scale de- 


flection for 10 ohms, which is equivalent to 11.10 feet of tide range. 
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FIGURE 12 BRIDGE AND RECORDER SYSTEM 


Interim checks were made for recorder drift during the "in situ" testing 
with the known resistances. The “in situ'' test commenced for comparison 
purposes on 10 April 1967. The recorder chart transport was 1 inch per 
hour. The test was interrupted once at about 0607 P.S.T. on 13 April, 
for about a 30 minute period to change the.worifice diameter from 0.5 
inch to 0.125 inch. 

Ds Results. 

The criteria established in Section 1 require the resistance gauge 
to meet the specifications of Prete condaud® gauge. In order to evaluate 
the degree to which the criteria are met, the record of the resistance 
gauge was compared to both the record of the "standard" gauge and the 
predicted tide levels. Examples of the eens. are shown in Figures 
13 and 14. Records of the entire "in situ'’ test are on file at the 
Naval Postgraduate School. 

Predicted tide heights were calculated at selected times from C&GS 
Tide Tables for the Pacific coaseme The times selected were the times 
of high and low tides and selected values between these water levels. At 
these times, recorded heights were eaten from the "standard" and resist- 
ance records, 

Tide height was calculated from the resistance gauge record by the 
following calibration line: 

Y =°-0,999 X22 
Using the conversion factor of 1’ inch of mercury = 1.103 feet of sea 
water, and subtracting the gauge eM atien econ C&GS datum, the water 
level, H, (referenced to MLLW) is calculated by: | 
H = Teloe@24a.90" =" y)" = 6.54. 
These values are then corrected for reservoir expansion by the sub- 
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traction of 1.12 feet. 
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FIGURE 13. RESISTANCE TIDE RECORD 
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FIGURE 14 


"STANDARD" TIDE RECORD 
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Selecting the predicted tide as a reference, predicted values. were 
subtracted from the gauge records. The results are shown in Figure 15. 
Malfunction of the ''standard'' gauge during the comparison period is 
shown aS a break in the ‘standard minus predicted" curve. Both the 
"standard'' and resistance heights show a periodic disagreementwith the 
predicted water level. This is not unexpected as predicted values do 
not conaiden the water pile-up due to wind and wind~generated waves, 
harbor oscillations, and many other factors which disturb sea level. In 
the case of the "standard", the largest disagreement occurs at higher 
high water and best agreement at times between lower high and higher low 
water. 

Figure 19 shows a consistent disagreement between the two gauges, 
maintaining the same sign except at 112000L. The average magnitude of 
this difference is about 0.5 foot. There are several possible Geeeeme 
for the deviation. 

First, the datum for the resistance gauge is the lower plane of the 
orifice, measured relative to a tide staff. The tide staff is period- 
ically tied into local C&GS bench marks. However, water column pressure 
is applied over the entire reservoir. Assuming that the mid-point of 
the reservoir best approximates the pressure application point, the 
deviation is reduced by about 0.3 foot. Secondly, the reference level 
was determined from the tide staff to an accurancy of about +0.15 foot. 
Therefore, the records from the "standard," which is--surveyed to the 
staff, and the resistance gauge can only be compared to+0.15. 

Finally, both the "standard" and resistance gauges record high 


frequency water level oscillations. Because of the greater sensitivity 
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of the resistance gauge this "noise'’ band is much broader than the 
"standard'' gauge noise band, causing some difficulty in determining the 
exact water level. 

During the "in situ'' testing period the bandwidth varied between 
0.11 and 1.07 feet of sea water in width. The bandwidth is plotted in 
Figure 16, Although the resistance gauge is located within a pier 
structupve, water oscillations from the Bay are .present above the’ gauge. 
These oscillations have a dependency on the wave conditions in the Bay 
but are modified by the pier structure. 

An investigation was made into the correlation between noise" 
bandwidth and the environmental parameters most apt to influence the 
higher frequency eer iaeioneee The correlation coefficient, agate 
bandwidth with the parameters of atmospheric pressure, tide height, 


wind velocity, and wave height are summarized below: 


ae 


While parameters are significantly correlated, wave nea has the 










strongest correlation.” 

Values of atmospheric pressure and wind velocity were obtained 
from the Naval Air Facility, Monee ent California, which is located 
about two miles from Wharf #2, Wave data were available for part of 
the observation period from the Snodgrass IX Wave Recorder situated off 
Del Monte Beach in about '26 feet of water at a distance of about 1500 


yards from the resistance gauge, Wave helghts are modified by the pier 
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in period and magnitude above the gauge. Comparison of the "noise" 
band and the wave height data, as plotted in Figure 16, displays a 
definite correlation between extreme wave heights and maximum "noise" 
bandwidth. Wave height data after 142100L were not available because 
of wave recorder malfunction. 

As mentioned previously, the orifice diameter was changed during 
the "in situ'’ testing period to filter out the higher frequency oscilla- 
tions being sensed by the resistance gauge. The record obtained before 
and after this change is reproduced in Figure 17.’ During the change the 
recorder speed was 1 inch/minute. The orifice change had no significant 
effect on the response of the iistxmment. 
is Conclusions. 

The construction and operation of the prototype tide gauge have met 
the original criteria, except that over the combined calibration data the 
standard deviation from a straight line is + 1.494 inches of sea water. 
However, individual laboratory calibration mae had standard deviations 
of less than + 0.1 foot of sea water which satisfies the criteria. 

The primary shortcoming of the prototype gauge is the expansion of 
the mercury reservoir. Therefore, this component part requires future 
investigation and development. 

Reduction of the orifice diameter does not appear to be an effective 
way to dampen higher frequency water oscillations. The introduction of 
a viscous fluid within the bellows cavity is being studied. However, 
information concerning high frequency surface oscillations is often 
extremely important to other studies and should not be considered a great 


disadvantage. 
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Further laboratory testing and field evaluation are necessary before 
the instrument can be fully applied. However, the prototype constructed 
establishes the feasibility of the theory and design of this resistance 


tide gauge. 
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Part pe ; 
No, |Rard. Name of Part Material 
| oe HOUSING Cast acrylic 
te 7 CHAMBER Cast acrylic 
3 a | rime <n Cast acrylic 
“ 2 FLANGE Cast acrylic 
5 5 JOINT Cast acrylic 
6 | SNORKEL nn tl Extru'd acrylic 
; SENSOR TUBE ———SCS~*=S Ctr 
7 a COLLAR: = _. Cast un 
9 SPACER Cast acrylic 
“40 FOOT ay Cast acrylic 
ul tj pase =———<Ctsti‘is~C:*C* «Castro 
i2{ 2] pus —té<‘<—«~ité‘;~*@*d*CN lon 
is} i| rine =——tst*~*~SCSCSY: ater 
ia] 1] support Te xtrurd acrylic 
7 Es -_ See et eh aoe a -_" 
FIGURE |8 GAUGE FARTS LIST 
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